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INTRODUCTION L
N \

Virtuale all of the solar energy captured by théVearth, past and present,

has been entrapped through the mechanism of carbohydrate synthesis. Photo-

synthetic plants and photoplankton fix carbon dioxide into simple

sugars and store these as complex polysaccharides. {1} It has been

'estimated thatrone such polysaccharide, cellulose,is produced'at a rate

of one hundred billion tons per year or about 150 Tbs of cellulose per -

f-day for each of the worlds 3.7 billion people. (2)

‘As a renewable resource, man has utilized this material to the extent that o

it comprises approximaté]y half of our municipaT.and-indusiria1'sb}id |

waste. Though most such materials are burned, buried, or otherwise

“discarded, the continuing material and energy shortages havé forced man to

1ook seriously at a more ébmplete utilization of our renewable cellulosic
resources. The technology for productioh of.food, fuel and industrial
chemicéls ?rom cellulose is presently béing developed and refined at many
Iaborafories in the United States and throughout the world. This paper
reports on the sdurceé and évaﬁ1ability pf waste cellulose and discusses

several of the most significant processes being investigated for future

- utilization of this valuable commodity.
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SOURCES'OF WASTE CELLULOSE

In the U. S L:ere are about 600 m1111on tons of coilectable waste blomass
produced annut. 1y which is primarly cellulose (3) These can be broadly
_classified into the areas of industrial wastes, agricultural wastes and
muniéipe1,refuses. The primary chemical component of all ef these sub-

stances is cellulose.

Industrial Wastes

Eyvtar the:largest amounts of industrial cellulosic wastes are produced

by the pulp and paper industry. Vast quantities of sludges, wood resi-

 dues and other fiberous mater1a1s are generated during the various phases

.of pulp manufacture and papermaking. For the most part, these mater1a1s
are currently discarded, usually as landfill. -Located-throughouttthe
country, plant operations are concentrated in New England, the South-
eastern states and.the Pacific Northwest. Since, to a great extent
centralized co]lect1on has a]ready been estab11shed they would make

ideal celiulosic substretes for conversion to useful products,

Large quantities of feed lot wastes (manure from ruminents) are also
~ produced throughout the country. When washed, the fiberous residue is
primarily cellulose. Most of this material is presently collected and

discarded or used as fertilizer.

Agricultural Wastes

Tremendous amounts of cellulosic agricultural wastes are generated

throughout the world from a wide variety of sources. As an example,
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-in Central America, harvestfng_of sugar cane results in an estimated
800,000 tons of bagasse each year. During the collection of corn, PTCB,__
- wheat and other grains, the stalks and leaves are often left in the

_f1e?ds to be wasted or plowed back under. Processing of these grains

and other food crops yields vast quantities of cellulosic by:products

andfresidues_such as oat and rice hulls, distillers grains, cotton

" linters, gﬁape pomaces , and coffee bean pulps. In this country, peanut

- shells are denerated at a rate of 800 m11110n pounds per year. While-

some of -these materials are collected and burned asifue] their full

potential is not being realized. The cultivation of land for production

~of food is carried out in most countr:es of the world. The wastes and

by-products associated with collection and refining of these crops offer

 the most widespread and abundant sources of ce]?u?os1c mater1als

During_?oreSt harvesting operations, the stumps, roots, branches, and

" small trees are usually left behind. - wfth proper modern methods of

who?e tree harvesting, these parts could become valuable cellulose
sources available in large quantity.' As more'effective methods of
uéi]izing cellulosics are developed, cellulose plantatioﬁs, where plant
Sp;cies are grown because of their high solar energy conversion effi- 3

ciencies (“BTU bushes") may become a reality.

Municipal Refuse _ .

'Roughly one half of the municipal refuse generated in our towns and .

cities is cellulosic in nature. The total U.S. trash pile for 1973 was.

-estimated by the Environmental Protection Agency at 130 million tons.
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The problem of what to do with the ever increasing mountains of trash is_?'f

-

one which ¢ ~tinues to plague more and more tommunities. Most of this
material is ‘resently disposed of by incineration or landfill - neither

a satisfactor s solution. Burning often only coﬁyebts a solid waste

' problem-to an air pollution problem while already scarce landfill sites

are rapidly becoming filled. Solid wéste treatment systems 1ike the |
Black Clawson Plant iﬁ Franklin, Ohio are extremely useful in reducing
the volume of trash and classifying the material into the various
glass, metal, and fiber fractions. These fiber fractions are primariiy

cellulose and at a large treatment center would be an excellent contin-"

uously available substrate for further conversion.
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UTILIZATION OF WASTE CELLULOSIC MATERIALS

Present and Future Uses

To an extent, cellulosic wastes have beenfused for years with varying

degrees of success. Some of the more notable examples have been in the

area of buf}ding materiaﬁs -Wood chips and sawdust, when combined

with adhesive resins, have resulted in strong, high qua11ty pressed board.
A corn board has also been developed from unused corn stalks. These

corn stalks and other agricultural "leftovers" have also beer used

@s animal feed, while sawdust has been tested as a cattle food supplement.

~ Waste paper can be recyc]edfuntil limitations occur due. to decreased
fiber length. Upon shredding, this paper is also conmon}y used as
packlng material. Research is being carried out to study the ut11izat1on |
of the organic fractxon of mun1c1pa1 refuse as a fuel for power plant
bo11ers. Much of the bagasse now produced is currently. burned as fuel at
- the sugar cane refineries. In fact, directAcombust1oq is the most effective
"ﬁay_to recover the maximum amount of stored energy. However, these methods
Teave much to be desired in that they fail to effectively take advantage of
' thé unique chemical properties of cellulose. _Nith“recycling and resource
recovery becoming important by-words, utilization of chemical broperties
without total distruction (pfoduction of‘COZ & Ho0) of the cellulose, in a

_ sense closing the recycle loop with a tighter.noose, becomes more and more

TH

important. Novel approaches include. thé production of useful fuels, food,

~ and chemical raw materials from celiulosic wastes. Many of these processes

have been proposed and are in various stages of development.




FueI_Production

Several pyrolysis methods are being studied which produce either gaseous or

liquid fuels. A process developed by Monsanto produces char and fuel -

gases from a mixture of solid waste and fuel o0il. ~The Pyrotek process:

- heats shredded solid waste producing a mixture of combustible gases. The -

Garrett Pyrolysis process uses flash pyrolysis to produce an‘oxygenated'

fuel oil from solid waste (3). These we can classify as crude or non-

2 specific, yielding products of Yariab]e quality and capable of acting

on the entire organic fraction of the solid waste.

The large 'scale production of methanol utilfzing the Purox process {4)

for production of synthesis gas (CO and Hz)'has been proposed by Dr. Thomas

Reed of M.I.T. Synthesis gas would then be catalytically converted to

- methanol which can be blended with gasoline. Experiments conducted by Dr.
 Reed show improved perfbrmance and fuel miIeége with methanol/gasoline

‘blends {5). The synthesis gas can also be converted to ammonia or methane,

both valuable chemicals presently produced from petroleum. The production

' of-methahe'from anaerobic digestion of é mixture of solid waste and
nitrogen‘rich sewage is being investigated by Dr. Wise and his collegues of

‘Dynatech Inc. in Cambridge, MA (6).

.

These latter two processes, one chemical and the other biological, yield

R more specific products which though proposed-as sources of fuel ccu]d"be.¢

used to'produce other valuable chemicals presently derived from petrolegm;
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as a possible solution to the food shortages that exists in many parts of

 the world. It {s not a new idea. Germany produced yeast on wood

'fbod and prote1n shortage.

_ At present, SCP product1on from a variety of substrates is being 1nvest1gated

" The Pek11o process developed in Finland produces m1crofung1 grown on

'Fback to the cattle. Much of the present sources of cattle feed such as soy- -

.

\.

T ioes o tiate

The term S : ;le Cell Protein or SCP was coxned only a few years ago at MIT, but
in a short i'me has created con51derab1e wor1d wide interest. The concept -
of growing s'ngle cell organisms such as yeasts:or fungi for sources

of protein for either animal or human cohsumption has intrigued scientists

sugars and used the yeast as a protein source for human consumption -
during Hor1d War II. The economics of this process are such that it was

applied only during war t1me when the country was ‘faced with a severe

spent sulfite liquor. Br1t1sh Petroleum (BP) has found it economical to
produce SCP on hydrocarbons and was among the f}PSt compan1es to demonstrate

its feasibiiity in plant scale production.

The General E?ectric”Pfocess for p?oduction of protein from feed lot
wastes tackied one of the nation's messiest problems (7). Cellulolytic
organisms, such as the thermophi]é isolated by G.E., are capable of metabolizing -

the cellulose. The organism itself, now a source of protein, can be fed

beans and grain could then be d1verted_for human consumption. Because of
humerous difficulties and dubious economics, G.E. has recently suspended

its efforts in developing this process. However, a small group at the




University «f Pennsylvania, headed by Dr. Humphrey, continues to _ oy

investigat: the use of the organism. for production of protein.

 0n a more po:itive note, a group of reseafcher§\at Louisiana State
University have developed a process to convert Qaste sugar cane
' bagasse into a source of food (8). Bagasse is a celiu]ose rich
material left after the éugar has been extracted frém the cane,
The food is again single cell protein, in this case a bacterium,

Ce11ulomonas flavigena. 'The Bechtel Corporation and the LSU Foundation

have formed a joint venture for the purpose of bringing this process

to a point from which it can be commerc1a112ed

In génera?, the production of single cell protein by direct grcwthVOf;

~organisms on cellulose suffers from two drawbacks. The'first is the

complex enzyme system required to break dowh the cellulose.. Many organisms

lack certaih components to successfully attack and convert the more
cﬁystalline fractions of cellulose. To'overcome this, the substratés
usua11y require a pretreatment to enhance the1r suscept1b111ty to micro-
bial attack. Second?y, when grown on an 1nso1ub1e substrate, up to

. 40% of the protein (1nc1ud1ng the d1gest1ve enzymes) produced by
cellulolytic organisms is extracel1u1ar} leaving lesser protein in the |
cells themselves. A good process must make allowances for this fact and

economical techniques must be developed_tq recover this soluble protéin.




CeT1uTosac Sacchar1f1cat10n

As prev1ous1y ment1oned ce11u1ose is, Tike starch a po1ymer of g]ucose
As can be seen in Figure 1, the conversion of cellulose to its |

monomer greatly increases its utility. With glucose as the primary
broduct-of saccharffication, we have a basic raw material for

production of a wide variety of products. Conversion of glucose to Gthef
-chemicals or raw materials has recently shown pfomise for production of

such things as glucose based detergents (3 ).

Microbial conversion of glucose to Singie cell protein is anothgr.
attractive process. 'The Qelection of the single cell organism is no
1onger Timited to cellu]o]yt1c ‘microbes. Sinée most'brganisms grow .
-'we11 on glucose, one may se}ect a m1crobe for its taste, protean efficiency
. ratio, amino and nucleic acid content and_genera1-acceph1b111ty as a

~ food soﬁrce. In addition, levels of intrace]lu]arrprotein are much

“higher and extracelluiar protein lower fdr organisms-wh;r theQ ére '

grown on so]ub?e substrates such as glucose Therefore,'overal1

protein recovery is h1gh

-bfucourse glucose can also be use& as a carbohydrate source for both
human and animal food. As a'fermentatidn substrate, it is possible to
produce-antibiotics, vitamins, enzymes, solvents such as ethanol,
butanol, and acetone, and other chemicals {(citric and lactic acids,
glycerol, etc). =Ethéno] can be converted to ethylene which is fhe

starting material for a complete family of plastics.




 Teunby

sawAzuy
- yoiquuy
|  |eawayy
(suoiady) SiusAjog | |
(1oupys3) [any utajoiy j12) ajBulg

4

UOISIBAUO)) |DIqOIIN w«s«.

s|pUBOW MDY
|PIWaY>

v

o

10




-

T~

) Thg hydroiys?s of cellulose to glucose can be carried out acidically or B

enzymaticali-. At the Natick Development Center we believe, for several

reasons,that :nzymatic hydfblysis shoWs-the most promise. _ First,
since acid hycroiysis requires elevated temperathkes and pressures
with concentrated acids, there is a requirement for Qery expensive
_ corrosion proof vessels. During World War II, Germany used platfnum
Tingd vessels to meet this requirement. Secondly, the acids are not

- specific in hydrolyzing cellulose and as a result many unwanted

compounds are formed which must be removed later in the process.

1
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ENZYMATIC SACCHARIFICATION

Enzymatic conversion, by comparison,'- is quite mild in'its require-
ments. The reaction takes place at 50 - 55065 at 2 pH of 4.8 and since

the enzymes are specific, no unwanted reversion compounds are formed.

- The process basically duplicates the method used by cellulolytic
 orgaﬁisms using the highly specific cellulase enzyme proteins to catalyze

-

the cellulose hydrolysis.

- There are many cellulase ‘enzymes involved due to the-compiéx nature of

native ce]?u1osé and total agreement as to how these enzymes act on.the
crystalline and amorphous fractions of celIu}ose has yet to be achieved.
In summary, crystalline cellulose must be brpken down to a more reactive

- substrate known as amorphous cellulose which is §n turned hydrolyzed |

'_ thrpugh’an intermediate product known as cellobiose, the dimer of glucose.

Many organisms consume cellulose and therefore must produce the
necessary-enzymes for conversion of this substrate. However, there are

many organisms which do not produce the enzymes necessary to break down

crystalline cellulose. " One such example is the LSU bacterium, Cellulomonas -

flavigena. It is necessary to pretreat the cellulose by swéi]ing
the substrate with alkali. This reduces the Efysta1}ine-fraction and allows

-the organism to totally utilize the cellulose.

Some organisms are able to totally consume cellulose but do not produce
high Tevels of the cellulase enzyme complex. Such organisms have

~ the enzyme associated with the exterior of the cell wall and produce 1ittle

t

2




free enzyme in solution.

”

Production of Cellulase Enzymes

The key to any enzymatic process is the production of high quality
cell free enzymes. This requires an organism which produces all the
necessary enzymes for cellulose degradation, produces them in large

quantities and releases them entirely from the cell. One such organism

s Trichoderma viride. The wild or parent strain has been mutated so ‘that

-~

the resu]ttng organism produces approx1mate1y four times the quantity

of high quality enzyme.

.bnce the organism was selected and mutated, 2 process could be developed

to produce enzyme and utilize this enzyme to hydrolyze cellulose. Eigurerz

- shows a proposed processing schemé. Starting with the production of

enzyme we see that IL:viride is grown in submerged culture for a-period
of approximate]y'four days at which time the mycelium (cell mass) is
separated from the broth or "beer" containing'the cellulase. This Separation

is accomp?ished'by a simple filtration. At Natick, the production of high

quality enzyme: broth has been successfully carried out on a pilot scale. (10).

- Hydrolysis of Cellulose

. Actual production of sugars takes place by reacting the cellulase with

a cellulosic substrate under controlled condition of temperature and pH.

There is an ongoing program at NDC for'eva1uation of various cellulosic
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'-zivsubstrates as to their susceptibility to enzymat1c hydrolysis. As

prev1oust reported (11, 12 ,13), close to one hundred different mater1ais |
have been tested:. These. have included paper mill wastes, sludges, and
pulps, assorted wood wastes, fiber fréctions from municipal trashes

' tfeated by Black Clawson, ADL, and-Bﬁyeau of Mines processors, various
grassés, hays, straws, and bagassés, grape pulps, skins, and seeds,
newspaper, other waste papers and agricultural processing wastes. These
materials are tested in the “as produced” condition and after various
mii]ing treatment. A 1ist of representative substrates together with
their degree of enzymatic saccharification after 25 hours is shown in

Figure 3

. The structure of cellulose as found in nature often carries a high
degree pf crystal1inity; The'élose1y packed cnystaTline fibriTé are
very féé%stant tb enzymatic action. To increase the availability, hence Lhe
_ react1v1ty, of the cellulose a number of physical and chem1ca] methods
  have been studied (11). Figure 4 shows the effect of various pretreatment
on the hydrolysis of newspaper. Of the physical treatments, ball mi11ing
is shown to be most effective. This.is primafi]y due to its ability
t& reduce the crystallinity of the cellulose. Also by 1ncrea51ng the
: bulk dens1ty and reducing the part1c1e size, high suspensions of solids

~are possible in the reactor. E .

Currently, hydrolysis is carried out at Sbic and a pH of 4.8, While sac-
Charification_readi1y occurs under these conditions, the actual optimum
values fbr these parameters will be dependent on the type of substrate,

the condition of the substrate, and the products desired. Wastes and sludges

15 | S | I
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froﬁ paper mills and quality paper products haVé”ﬁrovenAto bé moét
readily saccharified by cellulase enzymes. This ‘is due to both their .
high cellulose content and to the variety of physical (beating, grinding)
and chemical (sulfite or kraft pulping)”treatments they undergo during
‘the papermaking process. Many of these materia1s require nd pretreatment,
1presenting the most favoréb]e economic possibilities. In general
agricultural materials require ball milling to break down the crystalline
cellulose and make it available for hydrolysis. They also contain less
cellulose (40% - 80%). However, they are by far produced in the
g"largest quantities. “The fiber fraction of municiba] refuse has
properties very similar tb newspaper. To fully uti?izé its

cellulose content, ball milling would be necessary.

- As discussed, the primary component of the hydro]yZate_sugars is glucose.
B Another-principa] product of saccharification is the dimer cellobiose.

~ This sugér is produced rapidly during the initial reaction phases but

i

decreases in quantity as it is further broken down enzymatically to g1ucose.

This trend is i]?ustrated in Figure 5 for the batch hydrolysis of a
glassine paper waste. In this figure, measurable quantities of xylose are
also shown to be produced by hydrolysis of the hemicellulose xylan. If the

enzymes are produced from Trichoderma viride grown on substrate containing

hemicelluloses (primarily xylan and mannan) they will usually contain

components capable of hydrolyzing these polysaccharides. The sugars

- produced (xylose and .mannos) can serve as fermentation substrates and xylose

can be converted to xylitol or-xy1onic a¢id to be used as binders,

18
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sweeteners, surfactents or ﬁTaQticizers.

A major consideration in the evaluation of various processes for
utilization of cellulosic wastes isrthe disposition of the
noﬁge11u1osit portions of the material. The economiés will be affetted
depending upon whether these are considefed an additional.waste problem
or a valuable by product. An advantage of the enzymatic process ié that .
noncellulosic materials pass through virtually unchahged. The most
va?uable-r9coverab1e substance remaining as a residue’from the enzymatic
hydrolysis of wood products is Tignin. Lignin is an amorphous, polymeric '
substanée forming’a skeleton within the wood which contributes tolthe mechanical
proherties of the cellulose structure and.offers a degree of control and
protection from environmental effects. It is'also an efficient energy -

storage compound having a heating value of 7,100 cal/gr (14).

-

The chemical structure of Tignin is quite complex as evidenced by the high

phénonc_content. Various 1ignins have been subjected to pyrolysis, alkali

fusing, hydrogenation, and hydrolysis producing phenol yields as high as

50%. At least 30 different mononuclear phenols produced from lignin have been
reforted (15). Commercial recovery of'the’i{gnin components should‘bécome |
econbmicaTTy viable when methods are developed for utilization of the _.
Tignin conversion products other than simple phenols. Breaking down the
complex compounds by hydrocracking and réforming the'mixtures.by catalytic
processing, as done in the petroleum industry, would yield simpler more

marketable compounds.




CONCLUSIONS e

P

- 1. There is : rapidly growing awareness by those within the chemical

at least partially based on cellulose.

process indust v of the potential of ceI]u}osic'materia1s as major
sources of food, fuel, and chemicals for the future. As the primary
means of harnessing the sun's energy, the photosynthetic process yields

tremendous amounts of a valuable renewable organic chemical resource.

“With diminishing supplies of fossil fuels, sfrong consideration should

now be given to the futufe replacement of the petroleum economy with one

2. There are many sources of cellulosic materials. However, the exact

number of different kinds and amounts of each have hot as yet been ade-

o quately quantified. This is an important part in accurately evaluating

~ the economics of any poteﬁtia] uses of these substrates. The utilization

of any noncellulosic parts will heavily affect overall process costs.

Further investigation into recovery and production of chemicals from

~Tignin s needed.

3.. The enzymatic hydrolysis of cellulose to sugar (primarily glucose)

is a feasible method for converting a renewable organic chemical resource

© to useful products. Glucose can then be used as a microbial substrate

to produce a variety of fermentation chemicals, single cell protein,
or as a basic chemical feedstock. Work is currently underway to‘opti-
mize the pfqduction of cellulase enzyme and maximize yiers of sugar

during hydro]ysis.‘ Pretréatment of substrate and recovery of enzyme

~are two méjor areas requiring further study.

21
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A, We have only touched briefly on the various pfo;egges being deve?oped_m 
or presently uéed to exploit our §e1IuTosic resources in nonconventional
ways. Ndne of these processes are a panacea; there is probably no single
solution; but each offers a potentially economical supplement to either

our shrinkiné oil or food supplies. As ihe interest in cellulose uti-

. Hization increases there wii] undoubtedly be new and alternative proc-

-

esses proposed.
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